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Atomic orbital charge densities have been calculated for the a electron systems of a number 
of hydrocarbon molecules, by an electronegativity equalization method. These electron 
distributions have been used to analyze the relative inductive effects of alkyl groups, the 
transmission of electronic effects through localized bonds, the inductive stabilization of 
simple hydrocarbon ions, and the dependence of the 1H and 13C chemical shifts on the corres- 
ponding partial charges of the atoms. The charge densities calculated by eleetronegativity 
equalization were compared to those predicted by various molecular orbital methods. 

Mit Hilfe ether Methode, die auf der Angleichung yon Elektronegativit~iten bcruht (,,elec- 
tronegativity equalization"), sind atomare Orbitalladungsdichten fiir a-Elektronensysteme 
einer Reihe yon Kohlenwasserstoffmolekfilen berechnet worden. Die Ladungsdichten werdcn 
mit den Voraussagen verschiedcner MO-Methoden verglichen. 

Diese Elektronenverteilungen wcrden zur Analyse der relativen induktiven Effekte yon 
Alkylgruppen, der Weiterleitung elektronischer Effekte durch lokalisierte Bindungen, der 
induktiven Stabilisierung einfacher Koh]enwasserstoffionen und der Abh~ngigkeit der che- 
mischen Versehiebung yon 1H und ~8C yon den partiellen Ladungen der Atome benutzt. 

Les densit6s de charge dans les orbitales atomiques ont @t6 calcul6es pour tea systgmes 
d'61ectrons s d'un certain nombre de mol6cules d'hydrocarbure ~ l'aide d'une m~thode d'6gali- 
sation des 61ectron6gativit6s. Ces distributions 51ectroniques ont 6t4 utflis6es pour analyser 
les effects inductifs relatifs des groupements alkyles, la transmission des effets 61ectroniques 
travcrs les liaisons localis4es, la stabflisation par effet inductif des ions hydrocarbures simples, 
et la relation entre les d6placcments chimiques de 1H et lsC et les charges atomiques partielles 
correspondantes. Les densit6s de charges ealcul~es ici ont 4t4 compar@es/~ cellos obtenues par 
diff6rentes m6thodes d'orbitales mol6eulaires. 

Introduction 

I n  previous  repor ts  [1, 28] i t  was shown t h a t  the  SGOBE m e t h o d  of o rb i ta l  
e l ec t ronega t iv i ty  equal iza t ion  could be used to  es t imate  charge densi t ies  in non- 
con juga ted  molecules.  The SGOBE m e t h o d  is a localized bond  techn ique  which 
expl ic i t ly  considers i n t r a -a tomie  e lect ron repulsions,  b u t  neglects  the  effects of  all 
in te r -a tomic  cont r ibu t ions  to  the  molecular  energy.  The theore t ica l  founda t ion  of  
e l ee t ronega t iv i ty  equal iza t ion  me thods  is discussed in  some de ta i l  elsewhere [2]. 

I n  th is  paper ,  charge densi t ies  ca lcu la ted  b y  the  e l ec t ronega t iv i ty  equal iza t ion  
m e t h o d  are r epor t ed  for a number  of  hydroca rbons  and  h y d r o c a r b o n  ions. The 
charges were ca lcu la ted  b y  the  SGOBE m e t h o d  prev ious ly  descr ibed [28]. The 
on ly  d a t a  requ i red  consists of  the  pa rame te r s  ~j, flj . . . .  ~i which re la te  the  ioniza- 
t ion  po ten t i a l  and  e lec t ron aff ini ty  of  valence shell  a tomic  orbi ta ls  r to  the  t o t a l  
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Table 2. Ionic characters of carbon-hydrogen bonds in the n-alkanes Cm I-I2,~+ ~. 

I II III IV V VI 
m C 1 C2 C3 C4 C5 

t 1.48 
2 1.79 
3 1.87 2.05 
4 1.89 2.12 
5 1.90 2A4 
6 t.90 2A5 
7 L90 2.15 
8 1.90 2.15 
9 1.90 2.15 

10 1.90 2A5 

2.20 
2.22 
2.22 2.24 
2.23 2.25 
2.23 2.25 2.25 
2.23 2.25 2.25 

l~umbering scheme for Tab. 2, 4, 5 described in text. All ionic char- 
acters represent C ~- H ~+ and are in percents. 

All the hydrogen atoms in the alkanes possess small net positive charges 
(relative to the neutral atoms), of the order of +0.02 electron; thus ici~, the ionic 
character of the carbon-hydrogen bonds, is about 2%. Although this net charge 
is very small, definite variations from molecule to molecule, and within the same 
molecule, are found in the unbranched n-alkanes (Tab. 2). The numbering system 
in Tab. 2 is such that  C-I-I bonds in the terminal methyl groups are denoted C1, 
C-H bonds in the adjoining methylene (-CH~-) unit are denoted C2, etc. 

For each n-alkane, the C-H bonds are calculated to become increasingly polar 
(i.e. the hydrogen atom net charge increases) as the "center" of the molecule is 
approached. A comparison OficH values for C 1 between different alkanes (column 2, 
Tab. 2) indicates increasing polarity of this bond with increasing chain length m. 
The latter trend illustrates the increase in electronegativity of an unbranched 
alkyl group with its length. The trend for the C1-H bonds is general for each 
position C~, C a, etc. For both trends, the magnitude of the effects decreases rapidly 
with increasing chain length. 

The electronegativity of alkyl groups is greater than hydrogen in the alkanes, 
and successive replacement of the hydrogen atoms in CtI 4 by alkyl groups results 
in increasing polarity to the C-H bonds. The series Me(4-m) CH* (m ---- 4 -+ i) is 
illustrated in Tab. 3 (column 2); the net positive charge on hydrogen increases 

Table 3. Charge density and NMR T data/or hydrogen atoms in branched alkanes (CHa)a-m CHIn 

I II  I I I  IV V 
Molecule H* Hydrogen NMR T for "Methyl" NMR ~ for 

Charge Den- H* Protons Hydrogen "Methyl" 
sity Charge Protons 

Density 

CH~* 0.9852 9.774 - -  - -  
CHaCI-Ia* 0.9821 9A44 0.9821 9.144 
(CH3)aCH~ 0.9795 8.657 0.981 a 9.094 
(CH3)3CH* 0.977 a 8.260 0.9806 9.110 
(CIt3)dC - -  - -  0.9800 9.073 

All NMR T data is from Ref. [17], for CC] 4 solutions of the alkanes. 
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with increasing methyl substitution (decreasing m). This trend of C-H bond 
polarity for primary, secondary and tertiary carbon atoms is identical to that 
found in earlier electronegativity calculations by F ~ m A  [5]. A molecular 
orbital calculation on propane by SA~DOR~r [23] predicted a greater net positive 
charge on the methylene hydrogen compared to the methyl, in agTeement with 
the general trend noted above, and the present results for propane (Tab. 3, row 3). 
In the extended I-Ifickel theory of HOrFMA~r [11, 12], the magnitude of, and 
variations in, the hydrogen atom net charges generally conflict with the n-alkane 
trends in Tab. 2. 

PoPL]~ and SEG~ have recently introduced an SCF-LCAO-MO scheme [21] 
which assumed complete neglect of differential overlap. The magnitude of the 
hydrogen atom net charges for methane and ethane is in good agreement with 
the present work, but the change in the H net charge from methane to ethane 
(+0.0354 to +0.0334), is in the opposite direction to the equalization results 
(+0.0148 to +0.0179). 

Proton N-MR data for the hydrogen atoms in the series (CtIa)4-m CHIn are 
listed in Tab. 3 along with the calculated hydrogen atom charge densities nil. 
The local diamagnetic shielding ~rLD at a proton is a function of the electron den- 
sity surrounding that proton, and can be approximately expressed as [22] 

tYLD = K n H  K = 20 x 10 .8 . 

The exact value, theoretically derived, for K is dependent upon the effective 
nuclear charge chosen for hydrogen [22]. Since local paramagnetie effects for 
hydrogen are small [22], a linear correlation between the experimentally deter- 
mined shielding of the proton (expressed in terms ofT) and the calculated hydrogen 
atom charge densities nx/is expected. Such a relationship has been established for 
the ehloroalkanes [13] by use of electroncgativity equalization charge densities [28]. 

In Fig. ~ the proton NMI~ ~ values have been plotted against the hydrogen 
atom charge densities for the series (CH3)4-m CHIn. Two separate lines, of radically 
different slope, are produced; one for the I-I* in (0H3)4-m CH* (curve A), the 
other for the "methyl" hydrogens (curve B). 

The slope of curare A, about 190 ppm per electron, is much greater than the 
theoretical value of about 20, although the sign of the slope is correct. The large 
slope of curve A may be due to either an underestimation of the magnitude of 
the charge density changes in this series by the equalization calculation method, 
or by changes in the proton shieldings due to neighbour anisotropy effects. The 
latter effects have been estimated for this series [17] and would produce ~ varia- 
tions for the protons concerned, in the same direction as the charge density effects 
(increasing shielding with increasing m). The hypothesis that both charge density 
and neighbour anisotropy effects are operative in producing the large slope in 
curve A is substantiated by the correlation in curve B. For the hydrogen atoms 
of curve B ("methyl" hydrogens in (Ctt8)4-m CHIn changes in the neighbour 
anisotropy shielding contribution are much smaller [17], and the slope of the 
correlation line ( _~ 27 ppm per electron) is much closer to the theoretical value. 

The carbon-carbon bond polarities, ice, are exceedingly small (0.0 to 0.6%) in 
the n-alkanes. Nevertheless the variations in ivc show certain regularities (Tab. 4). 
In every n-alkane, the absolute magnitude of ice decreases as the distance from 
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~- ao 

8.5 / Z  

T i f T I 
0,978 0.980 0.g82 0,,.08// 0.986 

Hydrogen atom charge densi/X n H 

Fig. 1. Plot of calculated Hydrogen atom net charge density against ZH N.M.R. r value for the methylated me- 
thanes (CHs)a. m CHIn ~ 

Curve A represents the H* hydrogen atoms, curve B the "methyl" hydrogens. Data from 
Tab. 3. 

the  chain end increases,  and  the  polar i t ies  of the  C-C bonds  show t h a t  the  carbon  
a t o m  neares t  the  end of  the  chain a lways  forms the  posi t ive  end of  the  carbon-  
carbon  l inkage.  I n  n-hexane  (m = 6) for example ,  the  first " m e t h y l e n e "  carbon 
a tom (C~) forms the  negat ive  end of  the  C 1 - C~ bond  which has  an ionic charac te r  
of  0.55%, while C 2 is the  posi t ive  end of  the  C~ - Ca l ink where i ce  ~ 0.15%. 
The po l a r i t y  of  a given C - C bond,  for example  t h a t  be tween  C1 and  C 2, (da ta  
for which is given in  Column 2 of  Tab.  4) genera l ly  increases as the  chain length  
(m) increases.  

All  three  t r ends  in the  i cc  values  are in  accord wi th  the  observa t ion  t h a t  the  
e l ec t ronega t iv i ty  of  an a lkyl  group in the  unsubs t i t u t ed  a lkanes increases  wi th  length.  

Table 4. Ionic characters o/carbon-carbon bonds in the n-alkanes C~ H~+s 

I I I  I I I  IV V 
m Cz-C ~ C2--C a Ca-C A 0~C5 

2 0.00 
3 0.40 
4 0.51 0.00 
5 0.54 0AI 
6 0.55 0.15 0.00 
7 0.55 0.t6 0.03 
8 0.55 0.t6 0.04 
9 0.55 0.16 0.05 

t0 0.55 0.t6 0.05 

0.00 
0.01 
0.01 

Ionic characters in percents. C-C bond polarities are such that 
carbon nearest middle of molecule is 6-. 
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In  all the neutral alkanes, the electronegativity order 

z(~) . ( ,  (1) c z(~)~n c ~  > tertiary C > Lsecondary C > gprimary > Z~ ) 

iS found, and consequently the direction of charge transfer may  be predicted 
without calculation for most  localized bonds in this series. For example, in methyl- 
cyclohcxane the ring carbon at tached to the methyl  group forms the negative end 
of the ring carbon-methyl carbon linkage since L̂ '(1)tertiary C > ~ ) n  CH~--; the ring 
carbon at tached to -CH 8 is however the negative end of the bonds to adjacent 
ring carbons. All the carbon-hydrogen bonds are polar in the sense C~- H ~+. 

The ionic character data  for the C-H bonds (Tab. 2) and the C-C bonds 
(Tab. 4) in the n-alkanes m a y  be combined to calculate the total  charge densities 
and net a~omic charges (deviation from neutral atoms) of the carbon atoms. The 
net atomic charges are collected in Tab. 5. 

Table 5. Carbon atom netcharges in the n-alkanesCmH2~+~ 

I I I  I I I  IV V VI 
m C 1 C~ C 3 C A C 5 

t -0.0591 
2 -0.0536 
3 -0.0521 -0.0489 
4 -0.0517 -0.0475 
5 -0.0516 -0.0472 
6 -0.05t5 -0.0470 
7 -0.0515 -0.0470 
8 -0.0515 -0.0470 
9 -0.0515 -0.0470 

t0 -0.0515 -0.0470 

-0.0462 
-0.0458 
-0.0457 -0.0455 
-0.0457 -0.0453 
-0.0457 -0.0453 
-0.0457 -0.0453 

- 0.0452 
-0.0452 

All the carbon atoms in the n-alkanes are found to bear small net negative 
charges, of the order -0 .05  electron. The net charge of a carbon a tom in a definite 
position (e.g. C 1, listed in column 2, Tab. 5) decreases as the chain length is 
increased, again the result of the dependence of alkyl radical eleetronegativity 
on length. 

Within a single n-alkane molecule, the net negative charges of the carbon 
atoms decrease as the number of C-C bonds between the carbon concerned and 
the chain end increases. This trend is the net result of two opposing effects; (I) the 
increasing charge transfer from the hydrogens to the carbons as the center of the 
chain is approached, and (II) the decreasing transfer of electron density from the 
adjoining carbon atoms (through icc) towards the center. Since the changes in leo 
with position are greater than  the changes in icH, the second effect predominates 
and causes the decrease in net charge as the center of the molecule is approached. 

Using the extended Hfiekel method, Horr~A~N [11] has calculated the carbon 
net atomic charges for the n-alkanes. The net charges are all negative as in the 
present results, but  the magnitudes of the charges are generally much greater 
than  those in Tab. 5. In  both calculation methods the terminal methyl  carbons 
are predicted to be the most  negative, but  the~e is no general agreement in the 
other carbon net charge trends. An analysis of the charge distributions predicted 
by  the extended Itfickel theory is presented elsewhere [24]. 
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On the basis of empirical observations [26], and theoretical considerations [16, 
20, 22], carbon atom net charges are expected to correlate with ~3C N.M.R. che- 
mical shifts. The chemical shift 8cr of carbon A may be expressed as 

8C(A) = K1 + K~ qv(~) �9 

The proportionality factor K~ has been empirically estimated to be 160 to 200 ppm 
per electron [26]. Correlation of 8c(a) and electronegativity equalization carbon 
charges qc(~) for the chioromethanes required K~ -- 290 [28]. 

G~A~T and PAun [7] have measured the chemical shifts of each carbon atom 
in a series of n-alkanes and several branched alkanes. All the 13C chemical shift 
data discussed herein is from Tab. i of 
their paper [7], and is relative to benzene 
for which 8v = 0. An empirical analysis 
of the 18C chemical shift data for the 
n-alkanes indicated that  8c(~) for any 
carbon k in this series could be accurately 
fixed by the relationship [7] 

~rt't 

where B is a constant approximately 
equal to the chemical shift in methane, 
Nk~ is the number of carbon atoms in 
the mth position relative to carbon k, and 
Am is a chemical shift parameter for the 
mth carbon atom. From the Am para- 
meters listed by G~A~T and PAuL (their 
Tab. 2), a parameter D can be calculated 
for each n-alkyl group [19]. The group 
parameters D are linearly related to the 
SGOBE electronegativities Z(~) for the 
group (evaluated assmning the radical's 
bonding AO is a singly-occupied tetra- 
hedral hybrid) as shown in Fig. 2, with 
the exception of D corresponding to the 
ethyl group. 

o-C~Hs 
- 1 8 -  

4 -f6'- _- ' t9  

- - ~ . t /  - -  

-d ~CHs ~ t 
7. ~5 7.50 .0) 7.5# 

~R 
:Fig. 2. Plot of alky] radical elcctronegativity Z}~ 
against the empirical laC NMR chemical shift para- 

meter D~.. 

The trends in 1~C chemical shifts 8c(~) for the n-alkanes correlate qualitatively 
with the carbon atom net charge variations (Tab. 5). Within a given unbranched 
alkane, 8c(~) and I qc(~) I both decrease as the number of C-C bonds between 
carbon A and the end of the molecule increases. The difference in both 8c(~) and 
qv(~) between successive carbon atoms in the chain decreases as the center of the 
molecule is approached. For a carbon atom of given position (e.g. C1) , 8c and 
I qv I both decrease with increasing chain length, and the changes between suc- 
cessive n-alkanes fall rapidly as the chain is lengthened. Deviations from the 
parallel variations of 8c(~) and [ qc(A) I always arise when carbon A is attached 
to one or more ethyl groups (e.g. terminal carbon in propane). 

The laC N.M.R. chemical shifts dc(~) for the n-alkanes are plotted against the 
12 Thcorct. chim. Acta (Berl.) u 6 
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l&tO - 

130 - o ~  
1 2 0  - 

- : "aO~/~ " -0..050 -a055 -ao~o 
~ar6on atom net oha~e q'c 

Fig. 3. Plot of tho Carbon atom ne~ charges against ~he corresponding la C :NMI% chemical shifts for ~he n-alkanes 
Oil a through CIo II~2 

The filled in points represent several different carbon atoms having almost the same qc 
and ~c. The triangles represent carbon atoms directly bonded to ethyl groups, the circles 
represent all other carbon atoms. The 13C NMR data is from Ref. [7]; 3z is relative to that  
of benzene 

rn=~ 

n=l 

:=0 
I00 

I I - I  I I 
-0.0r -0.050 -0060 

Carbon atom net charge Fo 

~Fig. 4. Plot of the Carbon atom net charges against tile IsC NM:R chemical shifts in the methylated methane series 
(C~I3)4.m C*Hm. 

Curve A represents the C* carbon atoms, curve B the "methyl"  carbons. All chemical 
shifts are relative to benzene and are from Ref. [7] 
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calculated carbon atom net charges (Tab. 5) in Fig. 3*. The slope of the best 
straight line in this correlation is about 2800 ppm per electron, and is of the 
correct sign but  about fifteen times as large as expected. 

The correlation of ~c(A) with qc(~) for the carbon atoms of the methylated 
methane series (CHa)4-m Cttm is given in Fig. 4. As for the proton shift correla- 
tions in this series (Fig. l), two straight lines are evident, one for the central 
carbons (curve A) of slope --~700 ppm per electron, and one for the methyl group 
carbons (curve B) of slope -6500  ppm per electron. 

In general, the laC chemical shifts correlate reasonably well with the calculated 
carbon net charges for particular series within the alkanes, but  the chemical shift- 
charge density proportionality constant, Ks, differs for each series and ranges 
from 10 to 35 times the established value. 

GRANT and PAUL [7] established a direct linear proportionality between the 
n-alkane laC chemical shifts parameters and the nuclear screening effects due to 
the anisotropy LJX Cc of the carbon-carbon single bonds. The value of zJX cc re- 
quired to quantitatively account for the large range ( -~ 40 ppm) of ~r in the 
u-alkanes is however about two orders of magnitude greater than previously cal- 
culated values. 

Both SGOBE charge density and C-C bond anlsotropy changes are therefore 
capable of qualitatively accounting for the chemical shifts of the alkanes, but  
neither contribution alone (nor their sum) can quantitatively account for the wide 
range of chemical shifts observed. Par t  of the difficulty in the charge density 
correlations may be due to an inherent underestimation of the ionic characters of, 
and changes in the ionic characters of, carbon-carbon and carbon-hydrogen bonds 
determined by  using an electronegativity equalization method [2, 10]. I t  seems 
unlikely, however, tha t  this factor is totally responsible for the wide range of 
chemical shifts observed. 

S i g m a  B o n d s  in  U n s a t u r a t e d  H y d r o c a r b o n s  

Since the clectronegativity of a singly-occupied carbon s-p hybrid atomic 
orbital increases linearly with the extent of s orbital character [8], in general for 
the a bonds 

(i) ^ O) ~ (i) 
digonal C ~ ~ ~rigonal 0 ~> ~ te~rahedral C " 

The replacement of a carbon-carbon single bond (Cte - Cte) in an alkane by either 
a double or triple carbon-carbon bond will therefore result in charge density shifts 
toward the unsaturated bond from the rest of the alkane. 

Charge density data for severM symmetric unsaturated hydrocarbons is listed 
in Tab. 6. Pure (sp ~) hybridization was assumed for each a bond of the un- 
saturated carbon atoms in the ethylenes and benzenes, pure (sp) hybridization 
for the ~ bonds of an acetylenic carbon. Only symmetric molecules in which the 
~-atomic-orbitals arc singly-occupied were considered, due to the difficulties in 
SGOBE calculations for 7~-bonds [2, 28]. 

The carbon-hydrogen bond polarities in the sequence ethane, ethylene, and 
acetylene increase with the s orbital character of the carbon orbital bonded to 

* The points for carbon atoms bonded to ethyl groups deviate most from the line, and are 
represented as triangles rather than circles. 
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hydrogen, in agreement with the experimental order of hydrogen atom acidity for 
the series [3]. The hydrogen net charges (+0.0~8, +0.045, +0.1~9 respectively) 
are in fair agreement with those calculated by PeeLE and S~G).L's CNDO method 
(+0.033, +0,046, +0.107 respectively)[21]. 

Successive replacement of the hydrogen atoms in CH~ = CH~ by methyl groups 
leads to a decrease in the unsaturated carbon atom's net negative charge (Tab. 6, 
column 5) since the Cte - Ctr bonds are not as ionic as the It-Ctr bonds (Tab. 6, 
columns 3 and 2). Total replacement of the hydrogen atoms by  methyl groups in 
benzene, on the other hand, leads to a higher net negative charge on the unsaturat- 
ed carbon, since the Cte -  Ctr bonds are more ionic here than the tt-Ctr bonds. 
Alkyl groups are therefore predicted by the electronegativity equalization cMcula- 
tions to he electron-releasing relative to hydrogen in benzenes, but  electron with- 
drawing in the ethylenes. The net effects of alkyl substitution are small in both 
series, and the reversal of direction of charge density transfer is due to an increase 
in the self-consistent ztr" (1) value in the benzene series compared to the ethylenes 
(see next section). 

Replacement of the hydrogen atoms by methyl groups in acetylene leads to a 
substantial increase in the digonal carbon atom's net charge, due to the greater 
polarity of a Cte-C~i bond (about 13.8% ) compared to that  of t t - C ~  (about 
1~.9% ). 

The carbon-hydrogen bonds associated with the substituted methyl and ethyl 
groups in the ethylene, benzene and acetylene series are all more polar (Tab. 6, 
column 4) than in the alkanes due to the transmission of the unsaturated carbon 
atom inductive effect through the C-C bonds. 

In the sixth and seventh columns of Tab. 6, the effects of the q bond 
framework electronic charge density upon the ionization potential and electron 
affinity ( I t . ,  Ev~) of the singly-occupied z-bonding atomic orhitals are listed. 
Both parameters are significantly smaller in the acetylenes than in the ethylenes 
and benzenes, although the effect of methyl substitution for hydrogen at the un- 
saturated carbon atoms within each series (acetylenes, benzenes, ethylenes) is very 
small. The change in "Mulliken" electronegativity of a singly-occupied ~ atomic 
orbital 

z~ > = ~ (Iv. + Ev~) 

upon substitution of one H-Ctr bond by HaC'-Ctr iS then about +0 .0 i  ev in the 
ethylenes and -0 .02  ev in the benzenes. Now owing to the direct correspondence 
between Z(~ I) and the Itiickel LCAO-MO ~-system parameter ~o for a carbon 
atom [2, 18] 

~ c  = - Z~ 1) 

the ~c for various a bond frameworks may he estimated, c~c is normally expressed 
as [27] 

~c' = ~0 + he fl0 

h c  - z ( ' l ) -  x~) 
~0 

where ~o,/~o, g(o 1) are the Itiickel coulomb and resonance integrals and the electro- 
negativity in the benzene ~ electron system. Estimates of/~o vary widely, and for 
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this reason the parameters h~ have been calculated for/~o = - i  ev, and/~o = - 4  ev. 
The values he for the unsaturated carbon atoms are listed in columns 8 and 9 of 
Tab. 6. Substantial variations in h~ between the three series (ethylenes, benzenes, 
acetylenes) are found, although within each series the effect of alkyl substitution 
is quite small. Empirical estimates of the change in hc for benzene upon substitu- 
tion of hydrogen by methyl groups are in the range 0.0 to -0 .1  fl0 ("conjugation 
model" [27]) compared to the change of about -0 .01  fl from the present results. 
In ethylene, methyl substitution for hydrogen leads to a change in he of about 
the same magnitude, but  opposite sign (Tab. 6). 

Variations in Group Electronegativities 

In  preceding sections, it  has been noted that  the sign and magnitude of the 
alkyl group inductive effect, relative to tha t  of hydrogen, is dependent upon the 
molecular environment. This effect will be discussed further in this section by 
analyzing the variations in group electronegativity which occur when a group 
(such as methyl) is present in different molecules. The discussion will center around 
Z~ 1), the "Nlulliken" electronegativity of a group with bonding atomic orbital r 
and its dependence upon n 1, the orbital charge density of r in some bond between 
r and another orbital r Note that  the behavior of Z~ n will be discussed, not 
tha t  of the so-called bond electronegativity function X1 (nf) [2, 9, 28]; the ionic 
character of the ] - / ~  bond is a direct function of Z~ 1) and Z(~ ). 

For the bonding orbital of a monovalent atom, ~1) is not a function of nj, 
since for a given hybrid atomic orbital r IvI and Evl are not dependent upon nl 
(under the SGOBE approximations). I f  r is a bonding orbital of a polyvalent 
atom, however, I t1 and Evi  are dependent upon the total charge density nT of 
the atomic orbitals of same atom as r and this density n~, is in turn dependent 
upon n t. The Mulliken electronegativity Z~ 1) of a group bonding orbital r will 
then be dependent on nt, tha t  is g~ 1) will vary with molecular environment. 

Consider a group RsC- bonded to an identical group -CRs; in this case n I = l 
in the bond between the two groups. I f  instead RaC- is bonded to a group -CR~ 
of higher electronegativity, then nl < i. The decrease in n I in RaC-CR ~ compared 
to RsC-CR a will induce electronic charge density to flow towards C in each 1%-C 
bond, thereby decreasing Ivj, Evj  and hence g~ 1). (See Figs. I and 2 of refer- 
ence [28]). 

I f  -CR~ is a group whose electronegativity is lower rather than higher than 
that  of RsC-, then n I > 1, and this increase in n I will induce a transfer of electron 
density away from C in each R-C bond. This decrease in electron density in the 
atomic orbitals of C (except for r will then increase lvl,  Evl  and Z~ 1). 

The electronegativity ~ )  of a group is therefore, not expected to be a constant, 
but  to vary  with the nature of the complementary group to which it is attached. 
From the qualitative considerations of the molecules RsC-CR ~ above, %~.1) is 
expected, 

I. to increase smoothly as n f increases, and 

2. to decrease as the electronegativity of the complementary group increases. 
Effects I and 2 are graphically illustrated in Figs. 5 and 6 respectively. 
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For low values of nj (highly electronegative complementary groups), the lines 
of Fig. 5 indicate tha t  

(1) ^ (1) ~ z(l!ci]~e z~} ) > , - c ~  > z % ~ o  > , ~ - c ~ e ~  ~ - 

which is the "normal"  inductive order-that is, methyl  groups "feed in" electron 
density relative to hydrogen. With high nj (complementary groups of low electro- 
negativity), however, the order given above is exactly reversed, and substitution 
of hydrogen by  a methyl  group leads to a withdrawal of charge density. 

/0 

R y/fi 
,, R=H R=H 

~ 7 

0 1 2 L? 
nR 

Fig. 5 

e Z (~) 
,, f H 

I I [ I I - [  
#. 6 ~ )  lO 12 1'I 

Fig. 6 

Fig. 5. Plot of the electronegativity ~ of several groups R against the orbital charge density n~ 

The curve for -CH2Me lies between that of-CH 3 and -CHI~%. The curve for -C1~% lies 
to the side of the -CHM% curve opposite to that of -CH 3. All the alkyl group curves cross at 
approximately &he same point, slightly before they cross the line for -H 

Fig. 6. Plot of Z(1H} s and Z~ ) against Z ~) for the molecules R-CH s and I~-H 

Legend for groups R: a) --Ctt~- ; b) - -CItMe-- ;  c) --Ctt2CH ~- ; d) - - H ;  e) - -CH = CH~I:e; f) --CQM%; 

g) - -C] : [2Ct t~ ;  h ) - - C  ~_C~ie; i ) - -CHMe+;  j ) - - C H ~  

In  Fig. 6, the Mullikon electronegativities of the methyl  group and the hydro- 
gen a tom have been plotted as a function of the complementary group R's  electro. 
negativity Z a) in the species R - C H  3 and R - I t .  For low Z(~ ) (e.g. R corresponding 
to alkyl groups in the alkanes) z-c~3" (1) > Z(~ ) und the replacement of hydrogen by  
a methyl  group leads to a withdrawal of electron density from R. I f  g(~ ) is very 
high, however, (1% corresponding to an acetylenic carbon, or an alkyl group with 

(1) and the methyl  group becomes a more effective positive charge), g~ ) > ~ -c~ ,  
electron donor than  hydrogen. Note particularly the points e and ] (Fig. 6) which 
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correspond to -CH = CHMe and the pentamethylphenyl radicals respectively. In 
the former ease (point e), ~ (1) is a little greater than Z~ ), in the latter ease Z(~!c~ /~--CH8 -- 3 

is a little less than X(~ ). This change of order between the two e]ectronegativities 
around the point corresponding to a complementary group whose first atom is a 
trigonal carbon accounts for the anomolous inductive effects encountered in the 
ethylenes and benzenes (see previous section). 

Analysis of the SGOBE charge densities and Z~ 1) values therefore indicates 
that,  unlike a monovalent atom, a group does not possess a constant Mulliken 
electronegativity value. By  use of a different electronegativity equalization method, 
H u ~ Y  [1~] has also reached this same conclusion. 

Transmission of Inductive Effects 
In this section the transmission of inductive effects through localized carbon- 

carbon bonds of hydrocarbon chains and rings will be analyzed. Due to the nature 
of the approximations implicit in the electronegativity equalization method, no 
"field effects" (inductive effects transmitted directly through space rather than 
the carbon-carbon bonds [6]) are included in the results to be discussed. The 
analysis considers a neutral hydrocarbon which has had one neutral hydrogen 
atom abstracted from it to produce a "free radical". The orbital charge densities 
in such a species are compared to the densities in the corresponding positive ion 
in which a hydride ion (H-) has been removed from the neutral hydrocarbon. 
The two species are then equivalent except for the orbital charge density in one 
bonding atomic orbital, r which has a density of l electron in the radical, and 
0 electrons in the positive ion. For simplicity, no rehybridization of the atomic 
orbitals of atom i (the atom having orbital t j)  is considered. The remainder of the 
carbon atoms in the chain (or ring) are numbered such that  carbon 2 is directly 
bonded to 1, carbon 3 directly bonded to carbon 2, etc. 

A quanti ty Am H may  now be defined for each chemically inequivalent hydrogen 
atom in the system, the parameter m referring to the number of the carbon atom 
to which the hydrogen atom is directly bonded, zJ~ is then defined as the ratio 
of the change in the hydrogen atom electron density in going from the free radical 
to the positive ion to the hydrogen atom electron density in the free radical. The 
various values of A~m for a given hydrocarbon chain (or ring) then represent the 
extent to which the electron density at each hydrogen atom is altered when a 
change of electron density of one electron is made in r Values o l a f ,  Af ,  etc. for 
alkane chains of length t to 5 carbon atoms, and for cyclohexane are listed in 
columns 2 to 6 of Tab. 7. In  each case the A values represent a decrease in the 
total charge density at a hydrogen atom in going from the free radical to the 
positive ion species. 

The general trend of Am ~ within a chain is a continuous decrease as the number 
of carbon-carbon bonds between C 1 and Cm increases. For example the A~m values 
for chain length of 5 decrease smoothly from A f  ---- 0.t92 to A~ = 0.002. These 
decreases correspond to a damping along the chain of the inductive effect pro- 
duced at  C r 

The ratios ~ within each chain are listed in columns 7 to 10 of Tab. 7. 
A(m-z) 

These ratios for hydrocarbon chains appear to be generally independent of chain 
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length and position. The general value of this ratio will be defined as k, the trans- 
mission coefficient of the inductive effect. For m corresponding to a "methylene" 
(-CH~-) unit, k =  0.300 • 0.007, while 
k = 0.320 • 0.008. These transmission 
coefficients compare quite well with 

= 0.36, found experimentally from a 
study of substituent effects on the acidity 
of carboxylic acids [27]. The magnitudes 
of the k values, and the existence of 
different k for methylene and methyl 
units, are in excellent accord with those 
determined (0.29 for -CH~-, 0.34 for 
-CHs) from the empirical charge distrib- 
ution ca]cnlation method of SMIT~ and 
EYeinG [25]. 

The A~ for a given position m is 
found to decrease as the chain length 
is increased, and in each case A~ con- 
verges toward a constant value. The 
decrease in Am ~ with length is due to the 
increased number of atoms over which 
the positive charge induced at C~ can be 
spread. 

Quantities A~ may be defined as the 
ratio of the change in total  carbon atom 
electron density (from radical to positive 
ion) to the carbon density in the radical. 
The A~ values are not listed since, for all 

AO I A(C systems considered, the ratios ~ m ~  (m-l)  

are identical (within limits • 0.0i) to the 
corresponding A ~ [ ~  m~(m_~) values for the 
equivalent positions. 

The relative invariance of kfor methy- 
lene carbon units within the same chain 
indicates that  /r is independent of the 
magnitude of the inductive effect being 
transmitted through the unit, since the 
size of this effect does vary considerably 
from atom to atom within each chain; 
there is only a very slight trend of k in- 
creasing with increasing size of the induc- 
tive effect. (E.g. A~/A~ is generally about 
0.01 greater than Aa/Aa). 

In the eyclohexane system (row 6 
of Tab. 7), the An g trends are similar to 
those established above for the alkane 
chains. The (A~/A~) ratio is abnormally 

for terminal methyl groups (-CH3) , 

co 
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high, as is the corresponding A~/zJ~ value (both are 0.54). In general all the ratios 
for monocyclic ring systems are expected to display anomalies of this type, 
because there exist two bonded pathways, one "clockwise" and the other "anti- 
clockwise", for the inductive effect of substitution to be transmitted from C 1 to 
any other position Cm. I f  the inductive effect produced at C 1 is assumed to be 

independently in each direction according to the equation A,@_ = ]c' transmitted 
(m-l) 

the sum of the two independent effects at C 2 will be ]c (l + ]c a) zJ 1, at C3 ]C2 (1 § k2)zI1, 
and at Ca 2/c 3 A r 

Hence 

rather than simply /c as in the case of the chains. Assuming ]C = 0.3, the three 
ratios are 0.30, 0.32 and 0.55 respectively, in good accord with the values in Tab. 7. 
The inductive effects in a monoeyelic ring system can then reasonably be con- 
sidered as an additive combination of two independent effects transmitted from 
both directions according to the damping factor found for the unbranched chains. 

Application of this conclusion to the A~ ratios for benzene (row 7, Tab. 7. 
leads to a transmission coefficient ]C through a trigonal carbon (-CIt-) unit of 0.34) 
This greater/c for trigonal compared to ter carbon atoms is in accord with 
a statistical analysis of experimental results by BOWDEN [4], although in the 
present ease part  of the increase in ]C may arise from the imposed condition that  
the g-bonding carbon p orbitals have unit electron charge density in both the 
radical and positive ion. 

Although the calculated transmission of inductive effects through the bonds 
considered in this section agrees quite well with experimental studies of this effect 
(carboxylic acid acidity data [27]), it is not possible to establish here whether or 
not "field effects" are important  in these chain and ring systems. The latter effects 
are expected to display the same type of transmission properties with increasing 
distance as the "bonded" effects. 

Inductive Stabilization of Hydrocarbon Ion 
The stability order of earbonium ions generally decreases according to the 

"nature" of the central carbon atom 

tertiary > secondary > primary. 

Consider a trigonally hybridized carbon atom, bonded by (sp 2) orbitals to three 
alkyl groups or hydrogen atoms R1, R2, R3, and having its p~ orbital with a charge 
density of zero. The formal unit positive charge (due to the vacant p= orbital) 
of the carbon atom may be considered to be delocalized from the central carbon 
to the groups R1, R2, R a in two ways : 

1. Hypercon juga t ion  - -  The vacant p~ orbital may  conjugate with atomic 
orbitals (or group orbitals) of 1% 1, R~, R a when possible, effectively delocalizing 
the positive charge by a " ~ "  electron system. 

2. Induc t i ve  Stabi l i zat ion - -  By charge transfer in the three R - C t r  a bonds 
which affects a net decrease in the net positive charge of the trigonal carbon atom, 
although the p~ atomic orbital remains vacant. 
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In  the present discussion, only effect (2) is considered. The p~ atomic orbital 
of the central carbon is assumed to be vacant,  and the charge distribution in the 
C-R bonds (and the other bonds within R) are calculated by  equalization of the 
electronegativities. The net positive charges of the trigonal carbon atom in a 
series of planar carbonium ions (1% 1 l%u R 3 C) + are ]isted in column 4 of Tab. 8. 
The corresponding net charges of the central carbon (for the same series) for 
(1% 1 R 2 R a C) + when C is a tetrahedrally (sp 3) hybridized carbon are listed in the 
sixth column for comparison. In  the lat ter  cases, one (sp 8) atomic orbital, rather  
than  a p~, is assumed to be vacant.  

The electronegativity of the central carbon atom's  (sp 2) or (sp ~) orbitals is 
very high in these cases, due to the vacant  p.~ or (sp S) orbital. In  such situations, 
Z~) >> .(1) (see Fig. 6), and successive replacement of the hydrogen atoms in XCHa 
(CHa)+ by  methyl  groups leads to increasingly lower net positive charge on the 
central carbon (compare (CHa)+ with (CM%)+). 

Table 8. Carbon and hydrogen atom net charges in the hydrocarbon ions ( R1R2RaC)+ and (R1R~RaC)- 

R 1 R~ R 3 Net Ctr Net t t  Net C~e Net C~e 
Charge in Charge in Charge in Charge in 

H I-I H +0.2348 +0.2551 +0.3068 -0.4335 
H H Me +0.1985 +0.235i +0.2752 -0.3897 
K Me Me +0.1690 +0.2191 +0.2504 -0.3544 
Me me Me +0.t444 - -  +0.2303 -0.3251 
Et E~ Et +0.1413 - -  +0.2279 -0.3143 

In  all the species (1~ 1 R 2 I~ 3 C) + considered, the net charge on the central 
carbon is substantially less than  §  electron, and somewhat less than  the charge 
calculated by  the extended Hfickel method [12]. The net charges of the hydrogen 
atoms directly bonded to the central carbon also decrease as the extent of sub- 
stitution of Me for I t  increases, (column 5, Tab. 8), the hydrogen charges in the 
central carbon series decrease in a similar fashion. 

A comparison of the central a tom net positive charge in the species (M%C) + 
and (EtaC)+ (rows 4 and 5, Tab. 8) indicate tha t  substitution of hydrogen by  
methyl  groups at the fl carbon is much less effective (3%) in reducing the central 
a tom net charge compared to this substitution at the central carbon itself. 

In  all the ions considered, trigonally hybridized bonds from the central carbon 
are more effective in reducing the net carbon positive charge than  are tetrahedrally 
hybridized bonds. This effect (along with hyperconjugation requirements, etc.) 
probably contributes to the preferred planar geometry of the real positive ions. 

Although the bond electronegativity equalization method is not suited to 
calculations of total  molecular energy, the a tom energy versus net a tom charge 
density curves of t t ~ z ~  et al. [9] used in the equalization method m a y  be employed 
to analyze the relation between net charge and molecular energy. Figs. l ,  3 and 4 
of reference [9] indicate that,  in general, the energy required to produce an addi- 
tional partial  positive charge § g on an atom increases as the original positive 
charge of the atom increases. I t  should be more favourable to the total  molecular 
energy, then, to spread the positive charge over as many  atoms as possible. 
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According to this analysis, the experimental trend of increasing carbonium ion 
stability is in accord with the trend of calculated central atom net positive charge. 

The variability of alkyl group electronegativities predicts not only an increased 
"delocalization" of the net positive charge in earbonium ions relative to (CH3)+, 
but  also increased delocalization of the unit negative charge in aliphatic earbanions 
(R 1 R 2 R 3 C)-. The central (tetrahedrally hybridized) carbon atom net negative 
charges for the earbanion system are listed in column 7 of Tab. 8. In these species, 
a lone pair of electrons h~s been localized in one central carbon (s/~ 3) atomic 
orbital, and the orbital charge densities computed from the eleetronegativity 
equalization restrictions. Due to the low electronegativity of the central carbon 
te orbitals here, Xa~ >> X(~ ) (see Fig. 6) and successive replacement of the hydrogen 
atoms in (CHs)- by alkyl groups leads to increasing delocalization of the unit 
negative charge. 

The calculated effects of alkyl radicals to inductively increase the deloealiza- 
tion of both formal positive and negative charges is due to the peculiar ability of 
2(1) *^ be less or greater than :~(~), and the conclusions reached above applying alkyl vu  
to delocalization of charge will not necessarily apply to radicals or atoms whose 
eleetronegativity curves do not cross as those in Figs. 5 and 6. 

Conclusions 

Several remarks concerning the implications of the calculated inductive effects 
should be made at this point. In the sections concerned with alkanes and the 

bonds of neutral unsaturated hydrocarbons, alkyl groups have been found to 
exert only very small inductive effects on the ground-state charge distributions. 
Much larger inductive effects accompanying alkyl substitution have been found 
for charged species, and forheteroatom derivatives of the hydrocarbons [28]. These 
resnlts tend to confirm the view of INGOLD [15] tha t  alkyl groups exhibit polar 
effects only when influenced by polar groups. The inductive effects of alkyl groups 
in various saturated hydrocarbon derivatives will be reported in the near future. 

The charge distributions for the alkanes reported herein confirm the general 
view that  the C-H and C-C bonds in such molecules are very nearly covalent, 
and the small C-H bond ionic characters that  do exist are in the sense C~-H~+. 
The continuous but  small variations in the net atom charge densities in these 
molecules display semiquantitative correlations with the corresponding N.M.R. che- 
mical shift variations. 
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